The ability to pattern on the nanoscale has led to a wide range of advanced artificial materials with controllable quantum energy levels. Structures such as quantum dot arrays and nanowire heterostructures can be fabricated by vacuum and vapor deposition techniques such as molecular beam epitaxy (MBE) and vapor-liquid-solid (VLS), resulting in quantum confined units that are attached to a substrate or embedded in a solid medium (1-5). A target of colloidal nanocrystal research is to create these same structures while leveraging the advantages of solution-phase fabrication, such as low-cost synthesis and compatibility in disparate environments (e.g., for use in biological labeling (6, 7) , and solution-processed light-emitting diodes (8) and solar cells (9) ). One key difference between quantum dots epitaxially grown on a substrate and free-standing colloidal quantum dots is the presence of strain. In epitaxially grown systems, the interface between the substrate crystal and the quantum dot creates a region of strain surrounding the dot. Ingeniously, this local strain has been used to create an energy of interaction between closely spaced dots; this use of "strain engineering" has led, in turn, to quantum dot arrays which are spatially patterned in two (and even three) dimensions (2) (3) (4) . In this paper, we demonstrate the application of strain engineering in a colloidal quantum dot system, by introducing a method that spontaneously creates a regularly spaced arrangement of quantum dots within a colloidal quantum rod.
A linear array of quantum dots within a nanorod effectively creates a onedimensional (1D) superlattice, a promising new generation of materials (10, 11) . Such 1D superlattices exhibit confinement effects and are unusual because of their ability to tolerate large amounts of lattice mismatch without forming dislocations and degrading device performance (12, 13) . Strong coupling of electronic states makes them interesting for optical systems and good candidates for photonic applications. 1D superlattices are also of interest for thermoelectric devices and studying ionic transport in 1D systems.
VLS growth has demonstrated the formation of extended nanowire superlattices (e.g., alternating Si/Ge or InAs/InP) containing hundreds of repeat units (14) (15) (16) . To achieve this, the precursors are alternated for the growth of each layer. The formation of 1D superlattices by this same time-dependent variation of precursor concentration is out of reach for present colloidal growth techniques. The largest number of alternating layers produced so far is three, and yet the sequence of purifications required in that instance were already taxing to implement (17).
Cation exchange provides a facile method for systematically varying the proportion of two chemical compositions within a single nanocrystal. We have previously shown that cation exchange can be used to fully (and reversibly) convert CdSe, CdS, and CdTe nanocrystals to the corresponding silver chalcogenide nanocrystal by a complete replacement reaction of the Cd 2+ (Fig. 1B,C) . The average spacing between the dark regions is 13.8 nm with a standard deviation of 28% ( Fig. 1 histogram inset) . The spacing between periodic segments can be controlled by the diameter of the initial CdS rod (Fig. S1) .
Examination of these regions shows that the light and dark-contrast regions are CdS and Ag 2 S, respectively. Energy-dispersive x-ray spectroscopy (EDS) indicates that the striped rods alternate between Cd-S and Ag-S rich regions ( Fig. 2A) 3A ), become increasingly ordered at slightly higher concentrations (Fig. 1B,C and 3B ).
The change in the number and periodicity (spacing) of the Ag 2 S regions suggest a systematic organization as the volume fraction of Ag 2 S increases ( Fig. 3C-F A second factor that promotes the regular spacing of the stripe pattern is the elastic repulsion between two Ag 2 S segments due to the strain in the intervening CdS region. A model for the coherent atomic connection between the two materials is depicted in Fig. 4A (26) . To match the basal lattice constant for CdS (4.3Å), the Ag 2 S body centered cubic lattice in the plane of interface has to expand 4% in one direction and contract 15% along the perpendicular direction. There is a repulsive elastic force between segments of like material due to the resulting strain fields. Results from Valence
Force Field (VFF) modeling (27) found that the elastic energy stored in the rod increases dramatically as two Ag 2 S segments approach each other (Fig. 4B ). Bond strain in the zdirection (axial) is responsible for the repulsive elastic interaction (Fig. 4C ). CdS atoms are pushed away from the closest Ag 2 S segment, forming convex shaped atomic layers.
For two Ag 2 S segments approaching each other, the z-displacements in the CdS are in opposite directions, leading to an interaction term between the fields that gives higher strain energy at smaller separations (28). The model is consistent with the experimental finding that increasing the rod diameter increases the spacing between segments ( 
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In both common polymorphs of silver sulfide (cubic and monoclinic), the anion sublattice assumes a body centered cubic structure with only slight distortions in the monoclinic phase (39). Several epitaxial relationships were considered, and the epitaxial connection with minimal lattice distortion to the (001) CdS face is the body centered cubic (110) face (monoclinic (100) face). The contents of each flask were evacuated at 120ºC for > 30 minutes, and then the flasks were heated to 320ºC under argon for 15 minutes to allow the complexation of cadmium with phosphonic acid. The reaction mixtures were cooled to 120ºC and again evacuated for 1 hour to remove water produced during the complexation. While heating back up to 320ºC, 2 g of TOP was injected into each flask. Then TOPS was injected (1.95 g for sample A and 1.3 g for sample B) and the nanocrystals were grown for 85 minutes at 315ºC. After cooling, toluene was added to the reaction mixtures, and the nanocrystal solutions were opened to air. The nanorods were washed several times by adding equal amounts of nonanoic acid and isopropanol --to induce flocculation --followed by centrifugation to precipitate the CdS nanorods. The supernatant was removed, and the precipitated nanorods were redispersed in fresh toluene. This reaction produces some branched structures (i.e., bipods, tripods, and tetrapods) along with the rods. However, these are removed during the washing, as the branched CdS structures do not flocculate as easily as the rods and thus stay in the supernatant. Figure 4 are 0, 0.14, 0.80, and 8.00. These structures were: 1 (CdS rods, Sample B), 2 (small Ag 2 S islands on CdS rods), 3 (CdS-Ag 2 S superlattices), and 4 (Ag 2 S rods).
Characterization:
Transmission electron microscopy (TEM) was carried out on an FEI Technai G 2 20
Supertwin, operating at an accelerating voltage of 200 kV. The filament was LaB6.
The statistics for the length and diameter of the original CdS nanorods as well as number of Ag 2 S regions per rod, center-to-center spacing, and segment lengths of the Ag 2 S regions in the CdS-Ag 2 S nanorod heterostructures were determined from TEM images (taken at a magnification of 97,000µ to 195,000µ) using Image-Pro Plus software, and making at least 250 measurements. Some superlattices contained small Ag 2 S islands on the surface of the nanorod whose diameter was less than 25% of the CdS rod diameter; these islands were disregarded in the spacing measurements. Gaussian functions were used to fit the histograms. Averages and standard deviations were calculated directly from the raw data.
For the pair distribution histograms, coordinate markers were placed on the Ag 2 S regions of the CdS-Ag 2 S nanorod heterostructures using Image-Pro Plus software on TEM images taken at a magnification of 97,000x to 195,000x. For the partially formed Ag 2 S segments (which are the majority in the low Ag + case, Figure 3A , and are a small fraction in the intermediate Ag + case, Figure 3B ), the marker was placed at the center of the rod rather than the center of the Ag 2 S region so that only the distance component parallel to the rod axis between Ag 2 S segments is measured. This avoids error in measurement due to the 2D representation (TEM image) of a 3D object (in this case a cylindrical rod). The coordinates were then used to compute the distance between each Ag 2 S region on a CdS rod with all other Ag 2 S regions on that rod. These pair wise distances were measured for over 200 nanorods, to generate the histograms shown in Figure 3 . The spacings were normalized by multiplying by (n-1)/L (where n = the number of Ag 2 S regions and L = sum of nearest neighbor spacings on the rod). As an Ag 2 S region was found to always occur at each end of the rod, L is approximately the rod length. The bin size of the histogram was chosen as 0.07.
To estimate the volume fraction of the superlattices, the length fraction of Ag 2 S segments within the superlattices was measured from TEM images for 40 nanorod superlattices.
Assuming the diameters of all the segments are equal, the volume fraction is proportional to the length fraction. This gives a volume fraction of ~36 % Ag 2 S, which is a slightly lower value than if 100% of the Ag + added had exchanged to form Ag 2 S within the rods.
Energy-dispersive X-ray spectroscopy (EDS) was collected on a Philips CM200/FEG STEM equipped with an ultra-thin window silicon EDS detector from Oxford, at the National Center for Electron Microscopy at Lawrence Berkeley National Laboratory.
Spherical aberration (Cs) and chromatic aberration (Cc) were both 1. For the data that appears in this manuscript, TEM images (Fig. 1,3 ) and accompanying histograms, EDS measurements ( Fig. 2A) , and Ag 2 S segment lengths (Fig. S3) were from structures made from sample A CdS. XRD spectra (Fig. 2B, S2 ) and optical measurements (Fig. 4D,E) were from structures made from sample B CdS. Both samples appear in diameter comparison histograms (Fig. S1 ).
Ab inito modeling:
The ab initio calculations of the electronic structure of Ag 2 S and CdS were performed using Vienna Ab-initio Simulation Package (VASP) (S1) and Parallel total Energy (PEtot) (S2) programs, utilizing the local density approximation (LDA) and generalized gradient approximation (GGA) to the density functional theory (DFT). We used norm- The elastic constants of the Ag 2 S bulk crystal were also estimated using the ab initio methods outlined above. The elastic constants C ij were computed by distorting the crystal in corresponding directions and fitting the total energy into the second order elastic expansions.
VFF modeling:
Elastic energies and strains were estimated using the Valence Force Field (VFF) method, which is an atomistic bond stretching and bending model. The VFF model parameters for
CdS are available in the literature, while the parameters for the experimentally observed To understand the repulsive elastic energy it is necessary to understand that the VFF model relaxes atoms in all directions. In a simplified 1D model there would be no interaction energy between two islands; each island would add elastic energy based solely on the distance from the interface regardless of the strain induced by the other. For a single segment, the elastic strain field decays roughly exponentially from the interface as ~exp[-x/(βd)], where x is the distance from the interface measured along the length of the rod, d is the nanorod diameter, and β is a constant (S3). The elastic energy is proportional to the square of the elastic strain field, but the force is a derivative of the energy, leaving a linear relation between the force and strain created by an island.
Calculations show that no higher order terms occur in the energy expression. If another segment were to apply a strain near the first segment the two forces would add directly, as if each were acting independently. Thus there is no interaction between the islands from a 1D perspective. However, since the VFF modeling is 3D, atomic movements in the other spatial directions exhibit considerable influence on the overall energy, creating the interaction terms that lead to higher energy as the inclusion segments approach each other.
XRD simulation:
The powder patterns expected from a mixture of short CdS (5.3µ11 nm; wurtzite, JCPDS #41-1049) rods and Ag 2 S nanocubes (edge length = 5.0 nm; monoclinic, Acanthite JCPDS #14-0072) was simulated. Those domain sizes were chosen to mimic the approximate volumes and shapes seen in TEM images for alternating CdS and Ag 2 S domains. The simulated patterns provide a reference for the experimental nanorod superlattice patterns obtained.
For each of the two nanocrystalline domains under consideration, the computation proceeds as follows. Given the desired shape and crystal phase, the Cartesian positions of atoms constituting the nanocrystal was calculated. (No defects/strain were allowed for in the calculations.) The atomic positions were used to calculate a list of all pairwise interatomic distances (r ij , with i and j denoting i-th and j-th atoms). This list on its own is sufficient for an exact calculation of the powder pattern (S4). For computational efficiency, however, the list of distances was binned into a histogram. Then, an extension of the below approximate expression yields the expected powder XRD intensity profile,
where S = 2 sin(θ)/λ is the scattering parameter, I(S) is the observed intensity, r k is the value of r at center of a 'bin' and p k is the number of occurrences of interatomic distances falling within the bin centered around r k (S5, S6) . N is the total number of bins. F(S) is the atomic structure factor, in our case, of cadmium, silver, and sulfur. The bin widths are small enough that the simulated pattern is insensitive to further decrease of the bin width (~0.001 Å). Note that the expression given above is a simple form that applies to particles made of only one chemical species. For our multi-species particles, we used a straightforward extension with F(S) being replaced in the correct expression by three different appropriate atomic structure factors, in our case, of cadmium, silver, and sulfur. o are evident in both the simulated and experimental spectra. Ag 2 S peaks appear slightly broader and thus less distinct in the experimental pattern. We attribute this to the (expected) significant strains in the Ag 2 S segments that the simulations do not take into account. Another difference between theoretical and experimental profiles is the lower intensity of the CdS (002) and (103) peaks in the experimental patterns. The weaker than ideal (103) peak is readily explained by the presence of stacking faults in the wurtzite CdS phase. The low (002) intensity is harder to explain; presently, we believe it to be due to non-random alignment of rods on the sample substrate. For these experiments, TEM images show the original CdS rods were 5.3x50 nm, and the striped rods made from these had 5.3x11 nm CdS grains. 
